ABSTRACT The objective of this study was to examine main and interactive effects of nutrient density (ND), feed form (FF; mash, pellet), and lighting program (12L:12D, 20L:4D) on production characteristics and meat yield of broilers raised to 35 d of age. Diets (starter, grower, and finisher) were formulated so that amino acid levels were in proportion to the dietary energy level. Lighting programs were initiated at 4 d of age. Body weight was not affected by ND when diets were fed in a pellet form but decreased in a linear manner with lower ND when fed as a mash. Final BW of birds fed mash were less than those of birds fed pellet diets. Feed to gain ratio decreased with increasing ND but was not affected by FF. Feed intake decreased with increasing ND and was lower for
INTRODUCTION
Dietary nutrient density is one of several nutritional factors that has a significant impact on the growth and health of broiler chickens, which in turn affect the economics of broiler production (Mabray and Waldroup, 1981; Reece and McNaughton, 1982; Campbell et al., 1988) . It has been demonstrated that chickens will attempt to adjust their feed intake to satisfy their energy requirements, thereby affecting the efficiency of feed utilization (Pesti and Smith, 1984; Plavnik et al., 1997) . In addition, manipulation of nutrient density has been shown to affect growth performance, carcass quality (Jones and Wiseman, 1985) , and animal health with respect to the occurrence of metabolic disorders (Scott, 2002) and leg abnormalities (Julian, 1998; Kestin et al., 1999) . Lott et al. (1992) reported higher BW and improved feed efficiency with high-energy rations. In general, feed intake increases with dilution of nutrient density, but birds may have difficulty maintaining energy intake with ©2007 Poultry Science Association Inc. Received March 19, 2007 . Accepted June 23, 2007 Corresponding author: hank.classen@usask.ca 2172 birds fed mash. The effect of ND on feed intake was less when birds were fed mash in contrast to pellet diets (P ND × F < 0.0001). Dietary ND had no effect on mortality, but feeding mash decreased mortality (3.8%) compared with feeding pelleted feed (5.6%). Lighting programs affected production characteristics independently of ND and FF. Use of 12L:12D reduced BW, feed to gain ratio, feed intake, and mortality compared with 20L:4D. Similarly, carcass components were not affected by ND when fed in pellet form but decreased with lower ND when fed as a mash. Overall, carcass yields were reduced when broilers were fed mash or provided with 12L:12D. Female birds had higher carcass yields and increased proportional breast meat deposition compared with males.
high levels of dilution (Nielsen, 2004) , which may adversely affect growth rate. Scott (2002) noted that the superior growth rate associated with high-density rations was lost at 35 d of age. In the above-mentioned research, varying nutrient density involved changing the dietary energy level while preserving the same energy to protein ratio, and in some situations, the energy to amino acid levels (Lys, sulfur amino acids; Griffiths et al., 1977; Holsheimer and Ruesink, 1993) . A more accurate delivery of amino acids, such as the ideal protein concept (Baker and Han, 1994) , may alter the response of broilers to changes in dietary nutrient density.
Nutritional and environmental management can have an impact on the performance and health of broiler chickens. Two factors in addition to nutrient density that are of interest are feed form and lighting programs. Today, the majority of broiler feed is in crumble or pellet form, whereas mash rations are still fed in areas where pelleting equipment is unavailable or considered uneconomical. Feed form has an impact on performance, with pelleting improving growth rate and feed efficiency (Greenwood et al., 2005; Lemme et al., 2006) , but pelleting has also been associated with increasing mortality (Francesch et al., 1994; Engberg et al., 2002; Scott, 2002) . In addition, lighting programs have been shown to affect the perfor-mance of broiler chickens. Chickens tend to eat in the light rather than the dark, which means that under continuous lighting programs, feed intake and growth rate should be maximized (Classen and Riddell, 1989) . However, continuous lighting programs increase mortality due to metabolic disorders and leg abnormalities compared with birds exposed to periods of darkness (Classen et al., 1991; Renden et al., 1993; Sanotra et al., 2002) . Feed intake is affected by light duration, indicating that there may be interactions between the lighting program, nutrient density, and feed form. The length of time required for a constant energy intake will be increased with low nutrient density and mash feeding; therefore, it is possible that shorter day lengths may result in adverse effects on production.
Body weight uniformity, both within and between broiler flocks, is becoming an increasingly important characteristic in broilers as markets are demanding more uniform carcasses. Dietary nutrient density, feed form, and barn lighting programs are some of the important factors that can influence broiler uniformity both within and between flocks (Scott, 2002) .
Despite the potential for important interactive effects, relatively little research has investigated the interactions among lighting program, feed form, and nutrient density. Therefore, the aim of this study was to determine how the main effects of each of these factors and their interactions would affect the performance, feed efficiency, and meat yield of broiler chickens raised to 35 d of age. To increase the value of nutrient density comparisons, diets were formulated by using the ideal protein concept (Baker and Han, 1994) to reduce the potential for amino acid deficiency affecting the results.
MATERIALS AND METHODS
The experimental protocol was approved by the Animal Care Committee of the University of Saskatchewan and was performed in accordance with recommendations of the Canadian Council on Animal Care (1993) as specified in the Guide to the Care and Use of Experimental Animals.
Animals and Housing
A total of 4,800 male and female Ross 308 broilers were reared under 2 different lighting programs and were fed 1 of 3 nutrient-density diets provided in either a mash or a crumble or pellet form. Chicks were randomly placed into 1 of 8 environmentally independent rooms that each contained 12 pens (1.68 × 1.98 m). Each pen housed 25 male and 25 female birds and was provided with straw litter, a hanging feeder (0 to 21 d, 36 cm in diameter; 22 to 35 d, 44 cm in diameter), and a bell drinker (44 cm diameter). Birds had access to feed and water on an ad libitum basis. Room temperature was initially 35°C and was subsequently reduced by 2.8°C/wk to 22°C by 30 d.
Dietary Treatments
Three dietary nutrient density feeding programs that consisted of starter, grower, and finisher diets (Table 1) were formulated to meet or exceed NRC (1994) requirements and were provided in 1 of 2 feed forms (mash vs. crumble in the starter and grower phases, pellet in the finisher phase) during the production cycle. Rations were mixed at the University of Saskatchewan and pellet rations were pelleted at 50°C. Broilers are believed to consume feed to meet their energy requirements (Pesti and Smith 1984) ; therefore, total dietary Lys was balanced to dietary energy for the starter (0.41 g/kcal of ME), grower (0.36 g/kcal of ME), and finisher (0.31 g/kcal of ME) diets. The remaining essential amino acids were kept at minimum ratios to Lys. Diets were analyzed according to the Association of Official Analytical Chemists (1990) for protein (reference 976.06) and amino acid (reference 994.12) contents and were similar to formulated values (data not shown).
The quantities of the starter and grower diets fed to each treatment were based on the number of birds placed and were adjusted to ensure that the level of nutrient intake per bird was similar regardless of the dietary nutrient density treatment. Broilers fed the low-, medium-, and high-density diets were fed 0.777, 0.735, and 0.700 kg per bird in the starter phase and 1.210, 1.115, and 1.100 kg per bird in the grower phase, respectively. Finisher rations were fed as required until the end of the trial. To maintain pellet quality, the pellet binder was increased in the medium-and high-density finisher diets because of the increase in dietary fat.
Lighting Treatments
Two lighting treatments were used from 0 to 35 d of age. All birds were provided with 23L:1D (20 lx) from 0 to 3 d of age; lighting programs were initiated at 4 d of age and light intensity was reduced to 10 lx. The first lighting program was 20L:4D, which was used to stimulate feed intake and growth rate. The second lighting program (12L:12D) was chosen to restrict feed intake by limiting feeding time and, as a consequence, reduce growth rate.
Data Collection
Broiler performance and mortality were monitored throughout the production trial to determine the effect of nutrient density, feed form, and lighting program. Body weight and feed intake per pen were assessed at 0, 6, 13, 20, 27, and 34 d of age. Feed conversion ratio (feed:gain) was assessed during these periods and was corrected for mortality. A total of 4 rooms were randomly selected (2 for each lighting program) to assess BW uniformity at 35 d of age for a total of 100 birds per treatment (nutrient density × feed form × lighting treatment subclass). Uniformity was assessed by calculating the percentage of birds within a 15% range of the average weight of broilers for each treatment. Nutrient density: L = low-density, M = medium-density, H = high-density. Low-nutrient-density (starter, grower, and finisher) and medium-nutrient-density diet in the starter used Avizyme 1100; remaining diets used Avizyme 1302 (Finn Feed, Prairie Microtech, Regina, Canada). Dead birds and culls were collected daily, weighed, and necropsied. Any skeletal abnormalities (tibial dyschondroplasia, osteomyelitis, etc.) were noted as they were discovered. Total mortality was expressed as a percentage of the number of birds alive at the beginning of the trial.
To determine the effect of sex on meat yield, 24 males and 24 females per treatment (nutrient density × feed form × lighting treatment subclass) were identified on the basis of their physical appearance (comb, spur, and feathering pattern) and randomly picked to assess meat yield. Meat yield was assessed by weighing the following components: live weight (feed-restricted weight), whole eviscerated carcass (excluding neck), abdominal fat pad, breast skin, pectoralis major and supracoracoideus, wings (whole), drums (whole), thighs (whole), and back (carcass remaining after previous components were removed).
Statistical Analysis
Data were analyzed by using PROC GLM of SAS (SAS Institute, 2002) as a 3 × 2 factorial nested within 2 lighting programs. The ANOVA included the main effects of nutrient density (3), feed form (2), and lighting program (2) as well as 2-and 3-way interactions that may have occurred between these factors. Meat yield data was analyzed to include the main effects of nutrient density (3), feed form (2), lighting program (2), and sex (2) in addition to 2-, 3-, and 4-way interactions. Mean values were separated by using Duncan's multiple range test. The data were assumed to be statistically significant when P < 0.05.
RESULTS

Broiler Performance
Nutrient density had a significant interaction with feed form for many of the performance parameters studied; as a consequence, the data will be reported on an interaction rather than a main effect basis (Tables 2 and 3 ). On the other hand, there were no significant interactions between nutrient density or feed form and lighting program, so only the main effects of lighting programs will be presented (Table 4) .
BW. There were interactions between nutrient density and feed form on BW at all ages examined. Both main effect and interactive data with statistical interpretation are shown in Table 2 . Body weight was not affected by nutrient density when diets were fed in crumble or pellet form. In contrast, BW decreased with reduced nutrient Means within a column and main effect with no common superscript differ (P < 0.05). density when diets were in mash form. Lighting program affected BW, with birds given 12L:12D being lighter than those exposed to 20L:4D from d 6 until the end of the trial (Table 4) .
Feed Intake. Feed intake was affected by the interaction between nutrient density and feed form for all time periods examined, with the exception of 14 to 20 d of age. Feed intake declined in a linear manner as dietary nutrient density increased when birds were fed pelleted rations (Table 2) . Feeding mash reduced feed intake significantly for all time periods, but the degree of reduction was greater when broilers were fed the low-density treatment. The effect of nutrient density on feed intake in relation to age is of interest and was demonstrated most accurately by examining the relative intake of pellet-fed broilers. Initially, there were no differences in feed intake due to nutrient density. However, as birds aged, the relative intakes of lower nutrient-density diets increased until they reached increases of 9 and 5% over the high-nutrientdensity diet for the low-and medium-density diets, respectively, from 28 to 34 d. On a calculated basis, the low-and medium-density diets were 10 and 5% lower in nutrient density.
Broilers provided with 20L:4D ate more feed overall (2.99 kg per bird) than birds provided with 12L:12D (2.67 kg per bird; Table 4 ). The effect of light on feed intake was consistent for all time periods examined.
Feed Conversion Ratio. Overall, feed efficiency was affected by nutrient density and lighting program but not by feed form. Feed to gain ratio decreased in a linear fashion with increasing nutrient density (Table 3) . Longer day lengths (20L:4D) increased the feed conversion ratio in comparison with birds exposed to 12L:12D (Table 4) . There were no interactions between main effects for overall feed conversion.
An interaction was found between nutrient density and feed form for feed to gain ratio during the 0-to 6-d, 7-to 13-d, and 14-to 20-d time periods (Table 3) . Only minor effects of feed form on feed to gain ratio were noted for high-nutrient-density diets, whereas relatively large differences were observed for the mash and pellet treatments for low-nutrient-density diets. Examination of the feed to gain ratio during the experiment revealed that nutrient density had little or no effect on this trait at 0 to 6 d of age if birds were fed pellet diets. However, as birds aged, there was an increasingly more important effect of nutrient density. This can be readily seen by comparing the relative feed to gain ratios of birds fed pellet diets of varying nutrient densities.
Mortality. Death and culling losses were unaffected by dietary nutrient density (Table 3) . Feeding mash reduced the overall mortality as well as the mortality in every time period, starting at 14 d of age, in comparison with feeding pellet diets. Similarly, short day lengths (12L:12D) reduced mortality overall and mortality in the 21-to 27-d period in comparison with the longer day lengths (20L:4D; Table 4 ). There were no interactions between main effects for mortality.
Uniformity. The uniformity of broilers was affected only by feed form (Table 5) when assessed by the percent- Means within a column and main effect with no common superscript differ significantly (P < 0.05).
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Nutrient density: L = low density, M = medium density, H = high density. Means of 32 replicates of nutrient density having 50 birds in each replicate. age of birds within the 15% range of the average weight of broilers in each pen. The pellet rations had a greater percentage of broilers within the 15% range of the average pen weight (78.5%) than broilers fed mash (70.9%), indicating that there was greater flock uniformity when broilers were provided with pellet rations. There were no effects on uniformity for dietary nutrient density or lighting programs, and also no interactions between main effects (Table 5) .
Meat Yield
The main effects of nutrient density, feed form, lighting program, and sex on meat yield are shown as actual yields in grams (Table 6 ) and on a proportional basis to carcass weight (Table 7) .
Nutrient Density and Feed Form Interaction. Interactions between nutrient density and feed form were found for all actual carcass weights except for the supracoracoideus muscles, breast skin, and abdominal fat (Table  8) . Nutrient density did not affect carcass characteristics when diets were fed in a pellet form, but when fed in mash form, low-nutrient-density diets produced smaller weights than other nutrient-density treatments. These interactions are likely a reflection of similar interactions in BW noted above. In addition to feed form interacting with nutrient density, feeding a mash diet reduced actual weights of all carcass components relative to those resulting from feeding pellet diets. There were no interactions between nutrient density and feed form when the carcass components were expressed as a percentage of the whole carcass. On a proportional basis, abdominal fat increased, and the drum and wing decreased as nutrient density increased (Table 7) .
Lighting Programs. With the exception of abdominal fat, all carcass components weighed less for birds given 12L:12D in contrast to those given 20L:4D (Table 6 ). These differences are in agreement with the lighting program effects on BW noted above (Table 6 ). The carcass weight as a percentage of live weight for broilers given 12L:12D was lower than for those given 20L:4D. When expressing the carcass component weights as a percentage of carcass weight (Table 7) , pectoralis muscle and total breast meat yield were lower for the 12L:12D treatment. In contrast, proportional drum, wing, and back weights were higher for the 12L:12D treatment.
Sex Effect. The sex of the broiler had an impact on many aspects of meat yield, as shown in Table 6 . Male broilers had higher live weights, and consequently higher component weights, in contrast to females. On a proportional basis, females had higher carcass, pectoralis muscle, supracoracoideus, total breast, and breast skin yields and lower drum yield than males (Table 7) .
DISCUSSION
The major objective of this research was to establish the main and interactive effects of nutrient density, feed form, and day length on broiler performance and carcass yield composition. In general, these treatments had sig- Means within a column and main effect with no common superscript differ (P < 0.05). nificant individual effects on production traits, but interactive effects were also significant. These findings indicate the importance of considering both nutritional and management factors when making production decisions. Growth rate was influenced by feed form and lighting program, and feed form also interacted with nutrient density. The growth rate decreased with decreasing nutrient density when diets were fed in mash form; this relationship was likely a reflection of the reduced ability of birds to eat the bulkier, and possibly less palatable, low-density mash ration (Scott, 2002) . The interaction between nutrient density and feed form on feed intake supports this conclusion. The effects on growth rate of feeding mash and of short day length were expected and were similar to the results of previous research (Engberg et al., 2002; Scott, 2002; Classen et al., 2004; Svihus et al., 2004; SkinnerNoble et al., 2005) . In both cases, the reduced growth was related to a reduction in feed intake.
Broilers had the ability to regulate feed intake based on the dilution of nutrient density when pellet rations were provided; those fed the high-density ration reduced their feed intake in comparison with those fed the lowdensity ration. However, this ability was limited during the first 2 wk of age, in agreement with Jones and Wiseman (1985) . In contrast, broilers provided mash rations, especially those fed the low-density mash rations, seemed unable to regulate their feed consumption to achieve a similar energy intake as the other treatments. Scott (2002) also indicated a similar feed intake response of broiler chickens with mash rations.
From 7 to 13 and 14 to 20 d, feed to gain ratios for both mash-and pellet-fed broilers increased with decreasing nutrient density but the degree of change was larger for the birds fed mash. The lack of effect of nutrient density in pellet-fed birds from 0 to 6 d is of interest. These data plus equal growth for these treatments during this time suggest that the same amounts of digestible nutrients 
Means within a column and main effect with no common superscript differ (P < 0.05). Means within a row and main effect with no common superscript differ (P < 0.05).
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Nutrient density: L = low density, M = medium density, H = high density.
were provided by the 3 diets. The diets were formulated on the basis of digestibility values derived in older broilers and it is possible that they did not accurately reflect digestibility in very young birds, as reported by Batal and Parsons (2002) . In addition, it is possible that a portion of the larger response of mash-fed birds to nutrient density during early life was due to feed wastage. Feed wastage was monitored and wasted feed collected, but absolute recovery of waste feed was not possible. An alternative explanation may have been the result of differences in nutrient digestibility based on the dietary ingredients used. Nutrient digestibility may have been increased by pelleting in contrast to mash rations (Zelenka, 2003) . Others have noted higher feed to gain values early in life for broilers fed mash in contrast to pellet rations (Holsheimer and Ruesink, 1993; Scott, 2002) , and this may be due to factors other than wastage, such as the amount of energy expended to consume the mash ration. The lack of an overall effect of pelleting on feed to gain ratios disagrees with Engberg et al. (2002) , Greenwood et al. (2005) , and Skinner-Noble et al. (2005) , who found that pelleted rations improved feed efficiency over mash rations. Greenwood et al. (2005) demonstrated a high rate of growth and increased digestible Lys requirements for optimal BW gain and feed efficiency in pellet-fed broilers com- Means within a row and main effect with no common superscript differ (P < 0.05).
pared with mash-fed broilers from 16 to 30 d of age. Skinner-Noble et al. (2005) indicated that pellet rations increased available dietary energy for BW gain, which improved feed efficiency by reducing the time spent eating and increasing the time spent resting. Other possible reasons for the reduced effect of pelleting on feed efficiency in the present research are the large differences in BW for the 2 treatments and the fact that the pelleting temperature in the present study was low (50°C) and would not have caused major effects on dietary constituents that might have improved digestibility. The effects of lighting on production parameters were similar to previous research and independent of dietary nutrient density and feed form. Increased hours of darkness per day decreased BW after birds were on the lighting programs for only 2 d (6 d of age), and this difference continued to marketing. By end of the trial, the difference was 321 g, or approximately 3 d, to equal market weight. This difference is considerably larger than the approximately 80 g lower weight for 12L:12D in comparison with the 20L:4D seen by Classen et al. (2003) . The reduction in live BW with prolonged exposure to darkness might be due to decreased duration of feed consumption (Renden et al., 1993) , which implies that the 12L:12D lighting program was not sufficient to allow birds to achieve their growth potential, especially for those on a low-density diet. The lower feed to gain ratio with increased darkness is likely related to reduced metabolism and activity during exposure to darkness; this finding is similar to previous research (Classen and Riddell, 1989; Classen et al., 1991) .
Mortality was not influenced by dietary nutrient density, but was affected by feed form and lighting program. This contradicts the report by Scott (2002) , who found that feed form did not affect mortality but that feeding a high-density ration resulted in a higher incidence of sudden death syndrome (SDS) compared with broilers fed a low-density ration. The lack of an effect of feed form on mortality observed by Scott (2002) was possibly because the mash diet was fed for only 12 d during the starter phase. Results from the current study demonstrate that broilers fed mash rations had a lower incidence of mortality than broilers fed pellet rations, and this agrees with Nir et al. (1995) and Engberg et al. (2002) . The main cause of mortality in the current study was SDS. Several studies have found that lighting programs have a significant effect on mortality (Classen and Riddell, 1989; Classen et al., 1991; Renden et al., 1993; Scott, 2002) , which agrees with the findings of the current trial. Broilers provided with 20L:4D had higher mortality rates with a higher incidence of SDS and ascites (1.26 and 0.16%, respectively) in contrast to those provided with 12L:12D (0.77 and 0.07%, respectively; Brickett et al., 2007) . The results of the current study also demonstrated that the use of mash rations will result in poorer flock uniformity within the flocks than feeding pellet rations, which might also be true between flocks.
Treatments and interactions among treatments affected the actual carcass and carcass component weights, as would be expected based on the treatment effects on growth rate. When the data were examined as a proportion of carcass weight, no interactions among treatments were found. In general, the data suggest that nutrient density within the range tested in this study did not have a major effect on carcass composition and, in particular, no effect on the economically important breast meat yield. Previous work has indicated a reduction in carcass yield with lower nutrient density rations (Campbell et al., 1988; Holsheimer and Veerkamp, 1992; Holsheimer and Ruesink, 1993) . It should be remembered that in the current study the diets were formulated on the basis of the ideal protein concept, and amino acid intake per bird was kept similar regardless of the dietary nutrient density treatment. When diets are ideally balanced for amino acids, the performance of the animal is expected to be optimized (Emmert and Baker, 1997) . It is possible that the approach of maintaining amino acid intake maintained protein deposition in the carcass. Feeding mash had no impact on carcass yield but did negatively affect breast meat deposition while increasing the proportions of the drums and wings, which are considered less valuable carcass components in the North American market. Hence, the findings draw attention to the need to consider not only the reduced growth rate of mash-fed birds but also the impact on carcass yield. Shorter day lengths (12L:12D) reduced both the carcass yield and the proportion of breast meat in comparison with longer day lengths. Others have reported a decrease in breast meat yield with increased dark exposure (Renden et al., 1992) . Reductions in these economically important response criteria must be counterbalanced against the beneficial effects of shorter day lengths on mortality and feed efficiency when deciding on an appropriate day length. Carcass comparisons between males and females revealed that females had a higher carcass yield and increased proportional breast meat deposition, and at the same time, the percentage of drum increased. These results are similar to the findings of other researchers (Jones and Wiseman, 1985; Campbell et al., 1988) .
In conclusion, dietary nutrient density, feed form, and lighting programs act independently and in an interactive fashion to influence broiler productivity and carcass characteristics. Broilers fed pellet rations had similar live weights and carcass yields regardless of nutrient density, so any of the nutrient densities in pellet form can be used in production without affecting market age and carcass yields. Broilers fed mash had lower BW and reduced carcass yields, and the effect was more pronounced with a low-density mash ration. Growth rate and breast meat yield were improved with 20L:4D; however, 20L:4D was associated with a reduction in feed efficiency and an elevation in mortality. Production decisions must therefore be based on consideration of these nutritional and management factors to obtain the desired level of productivity and yield.
